We present a growth model that predicts the growth phase and mechanism of InP nanowires ͑NWs͒ and the experimental verifications of the model. The NWs were grown on lattice-mismatched GaAs substrates using metal-organic chemical vapor deposition via Au nanodrop-assisted vapor-liquid-solid growth. Nanodrops with larger diameters are shown to grow longer NWs because growth is governed mainly by direct precursor impingement on the nanodrop surface. The theoretical and experimental results also show that growth phase is dependent on NW diameter. We show that InP NWs with a diameter less than a certain value exhibit coherent growth of a single crystalline wurtzite ͑WZ͒ phase, whereas larger diameter InP NWs often contain sequences of WZ and zincblende phases and stacking faults. These findings allow one to achieve coherent NW growth and WZ phases free from twinning if the NW diameter is below certain material-dependent critical diameters. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2968345͔ Nanowires ͑NWs͒ grown by the vapor-liquid-solid ͑VLS͒ mechanism are promising for monolithic integration of semiconductor materials with different lattice constants. [1] [2] [3] [4] It has been recently shown theoretically and experimentally that dislocation-free freestanding III-V NWs can be grown epitaxially on lattice-mismatched substrates if the wire diameter is below a certain critical value.
It has been recently shown theoretically and experimentally that dislocation-free freestanding III-V NWs can be grown epitaxially on lattice-mismatched substrates if the wire diameter is below a certain critical value. 2, 3 The experimentally measured critical diameter D e ͑ 0 ͒ equals 26 nm for InAs/Si ͑lattice mismatch 0 = 11.6%͒, 36 nm for InP/ Si͑ 0 = 8.1%͒, and 96 nm for InP/ GaAs͑ 0 = 4.1%͒ systems. 2 For the controlled production of such NWs, it is important to understand their growth properties and also the factors influencing the crystallographic structure of NWs. Many recent studies [5] [6] [7] [8] demonstrated that III-V NWs often adopt the hexagonal wurtzite ͑WZ͒ phase in contrast to their bulk form with cubic zincblende ͑ZB͒ phase. This phenomenon has been observed for most ZB compounds and epitaxial techniques, both for Au-assisted [5] [6] [7] and selective area 8 growth. Despite the surprising prevalence of WZ phase, NWs often contain sequences of different phases and stacking faults. This clearly affects material properties, so the control over the phase purity is now considered as one of the main challenges in III-V NW fabrication. This work addresses two issues of Auassisted low-pressure metal-organic chemical vapor deposition ͑MOCVD͒ of InP NWs on the GaAs͑111͒B substrates: ͑1͒ study of growth mechanisms and ͑2͒ investigation of crystallographic structure depending on the NW diameter. We show that the VLS growth of InP NWs is controlled by the direct impingement onto the drop surface and is strongly influenced by the Gibbs-Thomson effect. It will be demonstrated that the NW structure is diameter dependent so that 20 nm wide NWs are predominantly WZ and 60 nm NWs exhibit twinning between WZ and ZB structure. We will also present theoretical models qualitatively explaining the experimentally observed facts.
InP NWs are grown using colloidal Au nanodrops as catalysts in a MOCVD reactor under the VLS growth mode. The mole fractions of the group V ͑tertiarybutylphosphine͒ and group III ͑trimethylindium͒ sources were 1.91ϫ 10 −5 and 1.17ϫ 10 −3 , respectively, in a 12 l/min hydrogen carrier gas flow yielding a V/III ratio of 61. This ratio was found to be within a range that yields straight NWs with uniform diameter from base to top. 4 The growth temperature was 470°C and the growth time was 3 min. The size of Au drops ranges from 10 to 160 nm. High-resolution scanning electron microscopy ͑SEM͒ images were used to determine the critical diameter D e as 96 nm for the epitaxial growth of InP NWs on the GaAs͑111͒B substrate. 3 In order to understand the growth mechanisms, we first study the length-diameter L͑D͒ dependences of our NWs. The NW growth can be controlled either by the direct impingement of material onto the drop 9, 10 or by the adatom diffusion to the top. 11, 12 The first case is characterized by an increasing and the second by a decreasing dependence of the NW growth rate dL / dt on its diameter D. From the analysis of SEM images of different samples we construct experimental L͑D͒ curves. The corresponding L͑D͒ dependence is presented in Fig. 1 with a typical corresponding SEM image shown in the inset. We have found that all measured L͑D͒ dependences are increasing. Such behavior is usually explained by the Gibbs-Thomson effect of elevation of chemical potential in a NW with a curved lateral surface. 9, 10 The adatom diffusion to the top is rather small, which is opposite to the case of molecular beam epitaxy ͑MBE͒ ͑Ref. 11͒ and can be explained either by a slow rate of chemical reaction at the surface or by a low surface diffusivity by the growth species. According to the Givargizov-Chernov model, 
2 , with K being the crystallization coefficient and integrating, we arrive at
Here, L 0 = Kt͑⌬ / k B T͒ 2 is the maximum length of infinitely thick wires, t is the growth time, and D min =4⍀␥ S−V l / ⌬ is the minimum diameter below which the NWs would not grow. In Eq. ͑1͒, we neglect the growth of a wetting layer, which is rather thin in all our samples.
Comparison of theoretical and experimental L͑D͒ dependences enables us to estimate several important characteristics of NW formation. From fitting the L͑D͒ curve in Fig. 1 by Eq. Experimental evidence [5] [6] [7] [8] strongly suggests that the formation of WZ phase in ZB III-V NWs is somehow related to their small radius, resulting in a larger contribution of lateral surfaces to the total free energy of fully formed wires [15] [16] [17] or monolayer islands mediating the growth of the wire top. 18 We now present the results of transmission electron microscopy ͑TEM͒ study of crystallographic structure in InP NWs of different diameters. Figure 2͑a͒ shows a typical InP NW with a diameter of 12 nm imaged on the ͗11-20͘ zone axis. For the smaller NWs, only the WZ phase is typically observed without twinning defects. This is shown in the fast Fourier transform ͑FFT͒ on the right of the image, which shows a clear WZ pattern. For NWs larger than ϳ40 nm in diameter, the twinning between WZ and ZB phases becomes quite frequent, which can clearly be seen in Fig. 2͑b͒ . The diffraction pattern also shows a spread between diffraction peaks seen in both WZ and ZB phases, as indicated by the circled section of the pattern.
Our model of NW structure is the following. Consider a single cylindrical NW growing perpendicular to the ͑111͒ substrate. During the growth, N = ͑D 2 L / 4⍀͒ InP pairs are deposited onto the substrate to form the NW of diameter D and length L ͑Fig. 3͒. Assume that D is below the critical diameter D e ͑ 0 ͒ for coherent NW growth.
2,3 Neglecting a small variation in the drop size and shape which may occur during the growth, the difference in free energies in final ͑the NW͒ and initial ͑the drop on a bare substrate͒ states of the system is given by
͑2͒
The first term in the right hand side stands for the change in volume free energy due to the vapor-solid phase transition. The second term gives the energy required to form the lateral surface. The last term describes the strain-induced elastic contribution to the free energy 2 due to the lattice mismatch: E is the Young modulus and is the Poisson ratio of NW material. Coefficient A depends on . For further analysis it is convenient to rewrite Eq. ͑2͒ in terms of the normalized formation energy per III-V pair ⌬f ϵ ⌬F / N. Comparison of different terms in Eq. ͑2͒ shows that the strain-induced contribution to ⌬f scales as D / L and cancels at L / D → ϱ. While the elastic energy determines the value of D e ͑ 0 ͒, 2,3 the stress relaxation involves a layer of thickness of a few D at most and has little effect on the formation of longer NWs.
For the analysis of structural stability in the first approximation, it is therefore sufficient to consider the formation energies without the strain-induced term 
with D 0 = ⍀␥ ZB ͑110͒ / , = WZ − ZB , and = ␥ WZ l / ␥ ZB l . The value of D min is equivalent to the Givargizov-Chernov expression in Eq. ͑1͒. At D Ͻ D min the formation of NWs should be considered as thermodynamically forbidden. The parameter D c therefore determines the critical diameter for the ZB to WZ structural transition. The parameter equals the difference in cohesive energies for the formation of bulk WZ and ZB crystals. For all ZB materials, Ͼ 0 since the ZB phase is stable in the bulk form. The surface energy coefficient equals the ratio of WZ to ZB lateral surface energy. According to Eq. ͑4͒, the structural transition may occur only at Ͻ 1 when the surface energy of WZ structure is lower than that of ZB. The characteristic diameter D 0 can be estimated from the available data on ⍀, , and ␥ ZB ͑110͒ . [13] [14] [15] [16] [17] [18] Surface dangling bonds on the NW lateral facets have been previously argued to have crucial effect to determine the structural stability. [15] [16] [17] In order to estimate the coefficient , we simply count the number of dangling bonds j on the lateral facets of ZB and WZ NWs perpendicular to the ͑111͒ surface. 17 This procedure is illustrated in Fig. 4 . It is seen that j equals 1 bond per III-V layer in the WZ and 4/3 bonds per III-V layer in the ZB phase. From these considerations we arrive at =3/ 4, the formation of WZ phase thus leads to approximately 25% reduction in the surface energy. From the second Eq. ͑4͒ we get the critical diameter for ZB to WZ transition D c = D 0 . Our analysis shows that the diameter D min can be made arbitrarily small by increasing the vapor supersaturation ⌬. The critical diameter D c does not depend on the lattice mismatch, whereas the critical diameter for the epitaxial growth of coherent NWs D e is determined mainly by 0 . In Table I 
